The Deleted in Azoospermia-Like (DAZL) protein coded by Dazl gene is a germline-specific RNA-binding protein essential for gametogenesis in vertebrates, and the chicken Dazl gene has also been identified in primordial germ cells (PGCs). However, the temporal and spatial expression of chicken DAZL (cDAZL) and its molecular role in germ cell development remain enigmatic. Here, we investigated the subcellular distribution and expression of cDAZL at the various stages by using a polyclonal antibody raised against its C-terminal region and compared them with those of additional germline-specific proteins chicken vasa homologue (CVH) and chicken dead end homologue (CDH). Western blot analysis for cDAZL revealed a single band in the embryonic gonads and premature chicken testis, whereas no band was detected in the premature chicken ovary. Fluorescent immunohistochemistry revealed that cDAZL was present in the nucleus and cytoplasm of circulating PGCs. Cells positive for cDAZL and CVH coexisted in the embryonic gonads and premature chicken testis, in which they were distributed near the basement membrane of seminiferous tubules. Of interest, cDAZL was not found in the premature chicken ovary, whereas CVH and CDH were present in germ cells. Collectively, three germline-specific proteins are expressed in chicken germ cells, but their patterns of expression are temporally and spatially distinct.
(J. Reprod. Dev. 56: [341] [342] [343] [344] [345] [346] 2010) he molecular basis for specification, proliferation and differentiation of primordial germ cells (PGCs) has attracted interest not only for developmental biology but also for practical utilization of genetic resources such as in medicine and animal production. The chicken homologue genes vasa (Cvh) [1] and dead end (Cdh) [2, 3] have been isolated from PGCs as identified in vertebrates. Both of them code RNA binding proteins. In addition, the Deleted in Azoospermia-Like (Dazl) gene is also an evolutionary conserved RNA binding protein that is mainly expressed in germ cells [4] , and its homologue has been identified in various vertebrates [5] [6] [7] [8] [9] . Hitherto, several studies have been performed to evaluate the function of Dazl from the perspectives of germ cell development. Mice deficient for Dazl are infertile, lacking any formation of spermatozoa or oocytes [10] . Most seminiferous tubules in Dazl-defect mice only contain proliferating spermatogonia [11] . However, little is known of the temporal and spatial expression of chicken DAZL (cDAZL) protein in germ cells during gametogenesis.
Our recent study reported that the distribution and expression of CDH and CVH are distinct in chicken germ cells during the latter stage of spermatogenesis [12] . CDH is found in the nucleus throughout gametogenesis, whereas CVH is found in the nucleus and cytoplasmic compartments. Considering the different roles of cDAZL, CVH and CDH, we raised the possibility that these germ-line-specific proteins are differentially expressed during gametogenesis. Using specific antibodies, the present study was conducted to analyze the subcellular distribution and expression of cDAZL in germ cells during gametogenesis and compare them with those of CVH and CDH proteins. In contrast to the germlinespecific proteins CVH and CDH, we provide evidence on the lack of cDAZL in female germ cells of the premature chicken.
Materials and Methods

Animals
Fertilized eggs were purchased from a commercial breeder and incubated with intermittent rocking at 37-38 C under a relative humidity of 60-70%. White Leghorn chickens (Gallus gallus domesticus) were maintained under a 14-h light/10-h dark cycle with water and food ad libitum. All the experiments were performed under the control of the Guidelines for Animal Experiments in the Faculty of Medicine, Kyushu University, and Law No. 105 and Notification No. 6 of the Government of Japan.
Total RNA extraction and reverse transcription
Total RNA was extracted from both the testis and ovary on embryonic day 6 (E6) by using Sepasol-RNA I Super. The isolated RNA (1 μg) isolated was subjected to reverse transcription (RT) at 37 C for 1 h in 20 μl 1× RT buffer containing 2 mM of each dNTP, 0.4 μg oligo(dT) 12-18, 50 U ribonuclease inhibitor and 200 U M-MLV reverse transcriptase.
Fusion protein of cDAZL-GST and its rabbit antibody
A C-terminal region of cDAZL protein with 169 amino acid sequences was prepared for the antigen (Fig. 1 ). Specific PCR primer sets were designed from the cDazl-cDNA sequences (accession NM_204218); the forward primer was 5'-CAG CCT AGA CCA TTG GCT TT-3', 361-380, and the reverse primer was 5'-ATT GCG TCA CAA AGT TAG GC-3', 1472-1453. After an initial denaturation step (95 C, 5 min), PCR was performed in 10 μl of 1× PCR buffer, 1 μl cDNA, 0.2 mM dNTPs, 0.25 U AmpliTaqGold polymerase (Perkin-Elmer Applied Biosystems) and 0.25 μM of each specific primer. The PCR product (1112 bp) amplified was purified from agarose gel and inserted between the BamHI and NotI sites of the pGEX-6P-1 vector (GE Healthcare UK, Buckinghamshire, England). The recombinant fusion protein was expressed in Escherichia coli (BL21), isolated by chromatography using GSTrap HP (GE Healthcare UK) and subcutaneously injected into a female rabbit for production of antiserum. The resulting antiserum was purified by affinity chromatography using a HiTrap NHSactivated HP column coupled with cDAZL-GST protein.
Anti-CDH and anti-CVH antibodies
A C-terminal region of CDH protein with 112 amino acid sequences was designed from the Cdh-cDNA sequence (accession XM_423051). Specific PCR primer sets were designed as follows: the forward primer was 5'-AAG CTC TGG TGG AAG GGA AT-3' (594-613), and the reverse primer was 5'-AAC AAG GCT GAA CAG GAA CG-3' (1120-1101). The PCR product was amplified, and recombinant protein production and immunization were performed as described previously [12] . For production of full-length CVH protein, specific PCR primer sets were designed from Cvh-cDNA (AB004836) as follows: the forward primer was 5'-ATG GAG GAG GAG TGG GAC A-3' (1-19) and the reverse primer was 5'-TCT CTT GGG TTC CAT TCT GC-3 ' (1924-1943) . The purified protein was immunized into female rats [12] .
Western blot analysis
Proteins were prepared from the testes, ovaries, livers, spleens of embryos (E15) and premature chickens (2-4-week-old). Each tissue was homogenized in an ice-cold buffer containing 50 mM Tris-HCl (pH 6.8). Aliquots of protein (30 μg) were suspended in 62.5 mM Tris-HCl (pH 6.8) containing 2% SDS, 10% glycerol, 0.025% bromophenol blue and 0.14 M β-mercaptoethanol and then treated at 99 C for 3 min. SDS-PAGE was performed on 10% polyacrylamide gels, and the proteins were electrotransfered onto Immobilon-PVDF (Millipore, Bedford, MA, USA). The membranes were blocked in TBSE (10 mM Tris-HCl (pH 7.5), 0.15 M NaCl, 1 mM EDTA, 0.05% Tween 20) including 10% non-fat dry milk, incubated at 4 C with primary antibodies, anti-cDAZL antibody (diluted to 1:1000), anti-CDH antibody (diluted to 1:1000), anti-CVH antibody (diluted to 1:3000) and anti-α-tubulin antibody DM1A (Sigma) and then incubated with the secondary horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG antibody (diluted to 1:2000), donkey anti-rat IgG antibody (diluted to 1:2000) or goat anti-mouse IgG antibody (Santa Cruz Biotechnology, CA, USA) to detect each protein, respectively. After washing several times, the membranes were incubated with LumiGLO (Cell Signaling Technology) and exposed to Fuji Medical X-ray film (Fuji Film, Tokyo, Japan) to visualize the bound proteins.
Fluorescent immunohistochemistry
The gonads obtained from the E15 embryos and 2-4-week-old premature chickens were embedded in an OCT compound, and then 8-μm sections were prepared. Blood samples including PGCs were collected from a vitelline artery of the chicken embryos at stage 14 [13] and were smeared onto glass slides. Air-dried tissue sections and smeared blood samples were fixed at room temperature for 5 min in neutral buffered formalin, and nonspecific binding was blocked using 1% (v/v) goat serum and 1% (w/v) BSA in PBS for 30 min at room temperature. Sections were incubated for 15 h at 4 C with anti-cDAZL antibody (1:100) and anti-CVH antiserum (1:300). After washing with PBS, they were incubated with the second antibody, alexa 594 conjugated goat anti-rabbit IgG antibody (1:250) and alexa 488 conjugated goat anti-rat IgG antibody for 1 h at room temperature. Sections were subsequently washed in PBS and mounted with Mount-Quick Aqueous (Daido Sangyo, Japan). Immunostaining was detected under a fluorescence microscope (Nikon, Japan).
Results
Immunoblotting of cDAZL, CVH and CDH in the testis and ovary
A recombinant cDAZL protein with the C-terminal region was generated for production of a rabbit anti-cDAZL antibody. Western blot analysis was first performed to detect cDAZL in the E15 testis and ovary. As shown in Fig. 2 , this antibody detected a single band in both the testis and ovary but not in the liver. The rat anti-CVH antibody also detected a single band in both the gonads. However, the anti-cDAZL antibody also detected a single band in the testis obtained from the premature chicken (4-week-old) but not in the ovary (Fig. 2) . Conversely, CVH was detected in both the gonads but not in the spleen, and the expression level was similar between E15 and premature gonads. On the other hand, CDH was detected as a single band in the premature chicken testis and ovary as reported previously [12] .
Expression of cDAZL and CVH in circulating PGCs
Western blot analyses of cDAZL and CVH suggest the possibility of differential expression of their proteins during germ cell development. We performed double fluorescent immunohistochemistry in developing germ cells. The subcellular distribution of cDAZL and CVH was first analyzed in circulating PGCs (Fig.  3a-f ). Chicken PGCs circulating in the blood stream were easily identified by their morphological features. Double staining with anti-cDAZL and anti-CVH antibodies identified PGCs, and both proteins coexisted in the nucleus and cytoplasm (Fig. 3e, f) .
Expression of cDAZL and CVH in chicken embryonic gonads
Expression of cDAZL and CVH was evaluated in sections of E15 gonads by immunofluorescence. In the testis, cDAZL-and CVH-positive cells were distributed along forming seminiferous tubules (Fig. 3i, j) . In the ovary, however, there were either cDAZL-positive and CVH-positive cells or cDAZL-negative and CVH-positive cells. The results showed that cDAZL was present in 75% germ cells, whereas the results were negative in 25% of the germ cells ( Fig. 3g , h, Table 1 ). Immunofluorescence using preimmune rabbit serum, instead of the antibodies, showed no staining (data not shown).
Expression of cDAZL and CVH in chicken premature gonads
Expression of cDAZL and CVH was evaluated in sections of premature chicken gonads. The results showed that cDAZL and CVH coexisted in many germ cells along the basement membrane of seminiferous tubules (Fig. 4a, b) , although cDAZL was not found in 14% of the germ cells (Table 1 ). In the ovary, however, cDAZL was not found in all germ cells (Fig. 4d, Table 1 ). CVH was present in many germ cells, although several germ cells were CVH-negative (12%) or had weak staining (Fig. 4c ). CVH was not uniformly distributed in female germ cells. 
Expression of CDH and CVH in chicken premature gonads
Double fluorescent immunohistochemistry was also performed for detection of CDH in the gonads with the rabbit anti-CDH antibody. CVH and CDH also coexisted in the premature chicken testis (Fig. 4e-f ). However, CDH was present in the nucleus, whereas CVH was present in the nuclear and cytoplasmic compartments ( Fig. 4g, h) . In the premature chicken ovary, CVH was also present in the nucleus and cytoplasm of germ cells (Fig. 4k, l) . CDH was detected in a germ cell containing the nucleus and was present in the nucleus (Fig. 4i, j, l) . CDH was not detected in germ cells containing no nucleus.
Discussion
DAZL is known to play a critical role during spermatogenesis and oogenesis because mutations in this gene (Dazl) may result in male and female infertility [10, 11] . DAZL is a germline-specific RNA-binding protein, and the chicken Dazl gene has also been identified in PGCs. cDazl is an autosomal gene localized in chromosome 2. In order to produce a highly specific antibody against cDAZL, a protein sequence without the RNA binding domain was designed to have the specificity in the C-terminal area. In the current study, E15 and premature gonads were analyzed for fluorescent immunohistochemistry. E15 gonads contain female and male undifferentiated and differentiated germ cells. Conversely, the premature ovary contains mostly oocytes, whereas the germ cells in the premature testis are at several stages. The present fluorescent immunohistochemistry in chicken germ cells using specific anti-cDAZL, anti-CDH and anti-CVH antibodies demonstrated that the subcellular distribution and expression of cDAZL are distinct during the latter stage of gametogenesis as compared to those of the other germline-specific proteins, CVH and CDH. There were no cDAZL-positive germ cells in the ovaries of the 2-4-week-old chickens, long before the onset of maturation. At the embryonic stage (E15), the number of cDAZL-positive germ cells was slightly reduced in the ovary. Conversely, cDAZL-positive germ cells were abundantly present in the testis, in which cDAZL and CVH coexisted in many cells along the basement membranes of seminiferous tubules. The sex-related difference in the number of cDAZL-positive cells may be related to the different stages of meiosis, because female meiosis is initiated long before the onset of maturation. cDAZL was consistently present in the nuclei and cytoplasms of PGCs and germ cells in the embryonic testis and ovary. These results suggest that cDAZL functions as a nuclear and cytoplasmic protein in germ cells prior to the initiation of meiosis. In the medakafish ovary, the DAZL protein level is high in oogonia and declines in fully-grown oocytes [14] . In turtle oocytes, the transcripts of Dazl are not present [15] . In accordance with these animal species, the level of cDAZL is low at the meiosis stage. More recently, however, it was found that the transcripts of cDazl are expressed in the germinal discs of maturing oocytes from preovulatory follicles and just ovulated oocytes of the hen [16] . Furthermore, in human [17] and porcine [18] ovaries, DAZL and its transcripts are present in oocytes of both preantral and antral follicles. Although there may be a species-difference in DAZL expression during oogenesis, it appears that the temporal and spatial dynamics of DAZL protein are observed at the critical stage of gametogenesis.
Why is cDAZL down-regulated in female germ cells long before the onset of maturation? It is well known that the Dazl family encodes an RNA-binding protein essential for spermatogenesis. In mice, knockdown of Dazl by antisense oligonucleotides results in abnormal meiosis in both the male and female [4] . As a result, defects in Dazl decrease the number of germ cells before meiosis. DAZL-bound mRNAs are reported to be translationally active [8, 19] . Actually, it has been found that mouse DAZL binds to several mRNAs encoding testis-specific proteins including Pam, GRSF1, TRF2, MVH, and TSSK [20] [21] [22] . Pam has been identified as a protein associated with myc [23] . Over-expression of the c-myc gene in the mouse results in arrest of spermatogenic cell differentiation, leading to sterility [24] . TSSK (testis-specific serine/threonine kinase) may be required for proper chromatin remodeling during spermatogenesis [25] . The Daz family members including Dazl and Boule transit from the nucleus to the cytoplasm at meiosis in humans and mice [26] . In the current study, the down-regulation of cDAZL may result in reduction of the translocation of these mRNAs from the nucleus to the cytoplasm. The resulting disruption of c-myc and TSSK may lead to acceleration of spermatogenic cell differentiation. It seems that the lack of cDAZL implies the initiation of meiosis, and therefore, cDAZL may be useful as a molecular marker of meiosis.
On the other hand, CDH and CVH were present until the latter stages of meiosis. CDH is detected in the nuclei of germ cells from the premature chicken ovary. In the mature testis, most of the germ cells distributed at the basal side of seminiferous epithelia including spermatogonia are positive for both the CVH and CDH proteins. However, at the luminal side, no or very weak CDH staining signals are detected in some CVH-positive cells [12] . Knockout of mouse vasa homologue inhibits proliferation and differentiation of germ cells [27] . Genetic inactivation of mouse dead end homologue causes the lack of PGC, and increases the incidence of testicular germ cell tumor and embryonic lethality in the 129 mouse strain [28, 29] . Furthermore, a recent study [30] shows that the dead end homologue protein prevents miRNA from silencing expression of germ cell-specific genes such as nanos and trdr7 in the zebrafish PGC by binding to a uridine-rich region at the 3'UTR of the mRNA, which is near the miRNA targeting site. In contrast to cDAZL, CVH is present in germ cells until latter stages of gametogenesis. Especially in female germ cells, CVH is associated with some cytoplasmic structures such as spectrin and mitochondrial cloud. Considering such differences in subcellular distribution and temporal expression, it is suggested that their germline-specific proteins with RNA-binding domain play different roles in the stages of mitosis and meiosis of germ cells. Both CVH and CDH may be required for translocation of mRNAs from the nucleus to the cytoplasm until the latter stage of meiosis.
In conclusion, the present study demonstrated that cDAZL is down-regulated in female germ cells long before the onset of maturation. Although cDAZL may play an important role in meiosis, it disappears at least prior to the postmeiotic stage. Our current immunofluorescence observations will contribute to clarification of the molecular mechanism of cDAZL function in meiosis. 19658099).
